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A cycle analysis model for an airbreathing, rotating detonation wave engine (RDE) is presented. The
engine consists of a steady inlet system with an isolator which delivers air into an annular combustor.
A detonation wave continuously rotates around the combustor with side relief as the flow expands
towards the nozzle. A model for the side relief is used to find the pressure distribution around the
combustor. Air and fuel enter the combustor when the rarefaction wave pressure behind the detonation
front drops to the inlet supply pressure. To create a stable RDE, the inlet pressure is matched in a
convergence process with the average combustor pressure by increasing the annulus channel radial width
with respect to the isolator channel. Performance of this engine is considered using several parametric
studies and compared with rocket-mode computational results. A hydrogen–air RDE reaches a specific
impulse of 3800 s and can reach a flight speed of Mach 5.
© 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction
Detonation-based engines have been studied in recent decades
because of their potential for improved efficiency over Brayton cy-
cle engines [16,30,33]. The well-known pulsed detonation engine
(PDE) is characterized by an unsteady cycle composed of filling a
combustor tube with a reactive mixture, closing one end and ig-
niting the mixture to initiate a detonation wave. Thrust production
occurs as the gas exhausts from the tube, after which filling will
begin again. Many challenges exist for implementing the unsteady
cycle of a PDE with a steady inlet and nozzle for airbreathing flight.
For hypersonic flight, the oblique detonation wave engine (ODWE)
has been studied since a detonation wave can be stabilized inside a
combustor with a sufficiently high entrance velocity [32]. Engines
with these cycles integrated into several flight speed domains have
been proposed as part of hybrid configurations [21,22].
Another variant called the rotating detonation wave engine
(RDE) consists of a detonation wave continuously rotating around
an annular combustor that is sustained by axial injection of fresh
reactants from one end. Continuous axial injection produces a tri-
angular region of fresh reactants that penetrates into the com-
bustor between wave fronts. The penetration distance, referred to
as the fresh mixture layer height hm , is a key factor in RDE de-
sign. The detonation wave front can only exist up to this height,
✩ A version of this article was presented as AIAA paper 2010-7039 at the 46th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Nashville, Tennessee,
July 25–28, 2010.
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after which the combustion products are free to expand on one
side. These expanding products interact with the products from
the previous rotation, and the resulting flow field has been called
a detonation-shock combined wave [11,38]. A detailed review of
the physical processes behind the RDE is presented by Bykovskii et
al. [4]. The RDE may also operate with steady state inlet and exit
flow conditions since the rotational frequency of the detonation
wave traveling in the annulus is 1–10 kHz.
Initial RDE studies were conducted by Voitsekhovskii [39] and
Nicholls et al. [27] in the early 1960s. Recent computational efforts
have shown that stable RDE combustor flow can be realized with
high efficiency [15,29,34,41]. Experimental studies have demon-
strated that it can be operated for a wide variety of fuels and
injection conditions [5,7,19]. Despite these achievements, engine
tests are limited to a few seconds or less while factors like heat-
ing, injector dynamics, mixing, detonation–turbulence interaction
[24], and the effects of curved channels [25] are topics of current
investigation.
A range of injection strategies and combustor entrance veloc-
ities appear feasible [10]. Fuel injection in rocket-mode simula-
tions is controlled by arrays of sonic micronozzles connected to
a plenum chamber with a specified total pressure [41]. The rise
in pressure from the detonation wave temporarily shuts off a por-
tion of the injector orifices, but refueling begins when the pres-
sure behind the wave reduces below that of the plenum chamber.
Experiments by Canteins and Kindracki et al. have shown that
these orifice arrays can be substituted with narrow slits [7,19].
Zhdan has shown in a computational model that the rotating det-
onation wave can be stabilized for incoming supersonic reactant
flow [42]. This RDE model consisted of a cylindrical channel with
1270-9638/$ – see front matter © 2012 Elsevier Masson SAS. All rights reserved.
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Nomenclature
A Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2
B Annulus entrance blockage factor
C Annulus circumference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
CJ Chapman–Jouguet state
cp Specific heat at constant pressure . . . . . . . . . . . . . J/(kgK)
d Annulus diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f Fuel/air mass flow rate ratio
F/m˙o Specific thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/(kg/s)
h Specific static enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/kg
hm Annulus fresh mixture height . . . . . . . . . . . . . . . . . . . . . . . m
Isp Specific impulse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
M Mach number
p Static pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q Dynamic pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
r Distance behind wave front . . . . . . . . . . . . . . . . . . . . . . . . . m
R Gas constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/(kgK)
s Specific entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J/(kgK)
Sa Stream thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/(kg/s)
t Time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
V Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
Van Annulus axial entrance velocity . . . . . . . . . . . . . . . . . . . m/s
ZND Zel’dovich–von Neumann–Döring state
1 Isolator channel initial radial width . . . . . . . . . . . . . . . . . m
2 Isolator channel final radial width . . . . . . . . . . . . . . . . . . m
3 Detonation channel radial width . . . . . . . . . . . . . . . . . . . . m
φ Equivalence ratio
γ Specific heat ratio
ηc Compression efficiency
ηe Nozzle efficiency
λ Detonation cell size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3
τ Annulus wave period, = τF + τD . . . . . . . . . . . . . . . . . . . . . s
τD Detonation time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
τF Refilling time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
Ψ Cycle static temperature ratio
Subscripts
0 Freestream property
t Stagnation property
axial inflow at a specified Mach number before the area increased
to a larger channel where the detonation wave continuously prop-
agated.
The flexibility of the RDE combustor means potential exists for
integration into a high-speed airbreathing engine. In this study,
cycle analysis of an airbreathing RDE has been developed to de-
termine performance results and critical trends. Since the RDE can
operate with a steady-state inlet and nozzle due to the high rota-
tional frequency of the wave, the model is quasi-one-dimensional
and time independent. The combustor is associated with an oper-
ating frequency which is the annulus circumference divided by the
detonation wave speed. The fresh mixture layer height hm is de-
pendent on this frequency and the combustor entrance velocity. In
the combustor, gas properties are primarily dependent on the an-
nulus circumference, entrance velocity, and detonation wave speed.
Ultimately, hm is determined using an iterative solution. The com-
bustion products expand toward the nozzle in the detonation-blast
combined wave system. Expansion is modeled as a function of dis-
tance behind the wave front and a pressure distribution around
the circumference of the combustor is created. Similar to compu-
tational studies, fresh mixture injection is blocked where the deto-
nation wave pressure exceeds the refueling pressure. This blockage
ratio, also determined using an iterative solution, is constant for
a particular operating condition. The constant blockage ratio for
fresh flow into the annulus along with the expanding products be-
hind the wave produces uniform outlet flow. Although the annulus
pressure at a fixed point can be displayed as a function of time
since a detonation wave speed is associated with the combustor,
the model is essentially one-dimensional.
Instead of a plenum chamber, an isolator similar to the compu-
tational work of Zhdan [42] is used for this model. Unlike a PDE,
no mechanical systems operate fast enough to counteract the pres-
sure gain of an RDE. Zhdan increased the channel radial width by
a factor of 2 as the supersonic flow entered the combustor. The
expansion counteracts pressure gain and stabilizes the wave. The
channel radial width increase is variable for the current model.
Again, the final areas are determined using an iterative solution
where convergence is obtained when the averaged static pressure
in the combustion annulus matches the pressure of the incom-
ing flow in the isolator. A real gas model with adiabatic process
Fig. 1. Basic engine geometry and stage designations (not to scale).
efficiencies has been used to calculate gas properties at each en-
gine stage.
2. Analysis procedure
The subsections contained in this section follow the cycle anal-
ysis model. The real gas model uses the chemical kinetics program
Cantera [12] to calculate the thermodynamic properties at each
engine stage. The kinetic mechanism GRI-Mech 3.0 [37], which
contains 53 species and 325 reactions validated with experimen-
tal data, is utilized for fuel–air detonation. Details of the numerical
detonation solutions and validation are presented in Browne et
al. [2]. The fuels used in the current work are hydrogen (2H2 +
O2 + 3.76N2) and propane (C3H8 + 5O2 + 18.8N2).
2.1. Initial conditions and sizing
The initial conditions for the analysis are the flight parame-
ters M0, p0, and T0. Fig. 1 shows a cutaway view of the engine
with geometry and staging labeled. Fig. 2 depicts the unwrapped
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Fig. 2. Schematic of the rotating detonation wave structure.
Table 1
Minimum RDE diameter estimates.
Mixture contents (φ = 1) λ (mm) hm (m) dmin (m)
2H2 + O2 1.4 0.017 0.042
2H2 + air 15.1 0.181 0.453
C3H8 + 5O2 1.5 0.018 0.045
C3H8 + 5(air) 52.5 0.63 1.575
flow in the combustor annulus. Two geometric properties that are
held constant while the analysis is conducted are the diameter of
the annulus d and the combustor channel radial width 3. Values
of the isolator channel radial width 2 and hm are initialized for
the iterative solution. Note that the increase from 2 to 3 as-
sumes an isentropic expansion which will necessitate appropriate
contouring yet to be experimentally determined. Where 2 is la-
beled in Fig. 1, part of the channel is blocked where the pressure
from the detonation wave exceeds that of the inlet. The annulus
entrance blockage factor B accounts for the fraction of the isolator
flow in the area defined by 2 that can expand to the 3 area. To
maintain constant flow properties, the isolator must increase in ra-
dial width from 1 to 2 where the area created with d and 1
is equal to the area created with d and 2 multiplied by B . The
freestream flow and inlet are labeled as stages 0 and 2, respec-
tively. The unblocked flow that expands into the annulus prior to
detonation is labeled stage 3. Stage CJ accounts for the combustion
temperature at the detonation wave front, then followed by ex-
pansion of the products. Labeled as stage 4, the properties of the
products from the pressure distribution that is modeled are aver-
aged to account for attenuation of the wave that occurs at the end
of the annulus. The nozzle properties are labeled as stage 10. In
Fig. 2, hm is labeled along with a depiction of the triangular fresh
mixture layer region, the detonation wave front, and the attached
shock.
Thus far, the sizing of the RDE has been based on a set of
minimum empirical standards outlined by Bykovskii et al. [4]. The
minimum axial mixing length hm for a stable RDE is (12 ± 5)λ,
where λ is the detonation cell width. The minimum diameter and
channel radial width are estimated to be d = 30λ and 3 = 2.5λ,
respectively. Physically, these requirements are due to the pres-
ence of transverse waves in the detonation front which destabilize
around tight curves and in narrow channels. The transverse wave
spacing is related to the reaction zone width of the detonation
wave, and tracking the triple points formed between them and the
leading shock in time reveals a pattern of diamond shaped cells.
The ratio of hm/C for is also estimated by Bykovskii et al. to be
0.14± 0.04 for gaseous fuels and oxidizers. Using cell size data for
fuel–oxidizer mixtures at standard atmospheric conditions [13,17,
18,20,23], RDE diameter estimates are shown in Table 1. The cell
width of the propane–air mixture, similar to many hydrocarbon–
air mixtures, equates with a minimum diameter of 1.6 m. However,
λ decreases as pressure and temperature increase so the engine
could be smaller depending on the combustor entrance conditions.
The fuel–air engine diameters in Table 1 are held constant for
this study. The effect of the centrifugal force was considered [26],
but a preliminary investigation with the combustor flow conditions
and geometry showed that it makes a negligible impact on perfor-
mance. Consequently, 3/d was fixed at 0.1 which ensures stability
according to the empirical estimates. Increasing 3 can lead to a
higher power density for an engine of diameter d, but varying it
in this study has no impact on performance indicators like specific
impulse which are independent of area.
2.2. Inlet and isolator
The inlet system properties are calculated as a function of
Ψ = T2/T0 using an analysis procedure outlined in Ref. [14] that
has been expanded for a real gas model. Values for p2, A1/A0,
and M2 are determined before moving to the next stage. Since
ram compression is assumed for this model, adiabatic process ef-
ficiencies based on static enthalpy have been utilized where ηc =
(h2 − h2x)/(h2 − h0). At stage 2x, s2x = s2 and p2x = p0. The effi-
ciency definition, Gibbs equation, and energy equation can be used
to find the following properties:
T2x =
(
cp,0T0
cp,2x
)[
cp,2
cp,0
Ψ + ηc
(
1− cp,2Ψ
cp,0
)]
(1)
V2x =
√
V02 − 2cp,0T0
[
cp,2Ψ
cp,0
(1− ηc) + ηc − 1
]
(2)
In Eqs. (1) and (2), a value for cp,2 is initiated and converged
upon using an iterative process with the resulting real gas model
properties. Since stage 2 has equivalent stagnation enthalpy to
stage 2x, the Mach number M2 can be determined.
M2 =
√
2(ht,2x − cp,2T2)
γ2R2T2
(3)
The static pressure p2 is found using an iterative process that
determines s2 with the known temperature T2 until s2 = s2x. With
p2 and T2 input into the real gas model program, all of the other
static properties are known. The stagnation temperature and pres-
sure are determined while accounting for the variation in specific
heat from the static to the stagnation states. An additional solution
process determines
Tt,2 = (cp,2T2 + V2
2/2)
cp,t2
(4)
pt,2 = p2
[
Tt,2
T2
](cp,2+cp,t2)/(2R2)
(5)
where cp,t2 is iterated using entropy as a convergence criterion.
Note that Eq. (5) is an approximation that assumes an average
value of cp from the static to stagnation states. Minimal error is
incurred from this approximation so long as M2 is below the hy-
personic regime (< 5 in this study) and, additionally, T2 < 800 K
to prevent autoignition in the combustor.
The isolator properties are constant at its beginning and end
as the area expands because of the blockage from the detonation
wave (A1 = B A2 ). For the isolator and average annulus pres-
sures to match during combustion with pressure gain, A3 > A2 .
Since the isolator flow is choked, expanding the area defined by
2 to that defined by 3 also leads to a rise in axial velocity of
fresh reactants to refuel the combustor between detonation waves.
The stage 3 properties are found by specifying an initial value of
A2/A3 , which will later be iterated until the isolator and aver-
age annulus properties match. This expansion is considered ideal
in the current work so total enthalpy is conserved.
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A3
A2
=
[
d2 − (d − 3)2
(d − 3 + 2)2 − (d − 3)2
]
(6)
The flow is isentropic and choked with a constant mass flow
rate in this expansion. Using a similar solution process described
with Eqs. (4) and (5), a combination of the conservation of en-
thalpy and state equation yield T3 in
A2
A3
= pt3
ρ2V2R3T3
√
2(ht2 − cp,3T3)
[ Tt3T3 ]
(cp,3+cp,t3)/(2R3) (7)
After T3 is determined, p3 is found using an equivalent of Eq. (5).
With the other static properties found using the real gas model,
Van is solved for using the conservation of mass. The initial esti-
mate for 2 affects the air properties prior to detonation as 3
is held constant. If 2 is too large, p4 > p2 and the engine is
not stable. Fuel is added to the air to form a stoichiometric mix-
ture which is detonated. Although the mixing was idealized in
this study to occur with no losses, a practical fuel injector sys-
tem, probably consisting of sidewall-mounted impinging injector
arrays, will need to be developed. The post-detonation proper-
ties are based on the Zel’dovich–von Neumann–Döring (ZND) wave
model. The model consists of a shock wave which heats the fuel–
air mixture so chemical reactions occur to initiate combustion. The
combustion ends at the Chapman–Jouguet state where the velocity
of the wave is equivalent to the speed of sound of the combustion
products [9].
2.3. Detonation wave properties in the annulus
As depicted in Fig. 2, Van is the axial velocity of the fuel–air
mixture as it enters the annulus at stage 3. The detonation wave
properties are solved for using the numerical solution by Browne
et al. [2] with p3 and T3 as the initial conditions. The pressure
distribution along the circumference of the annulus is then de-
termined. In Fig. 2, the term r is the distance along the annulus
starting at the wave front and moving back from it. All of the prop-
erty distributions are functions of r. Although rocket-mode engines
have been observed to have more than one detonation wave trav-
eling around the annulus at once, the number of waves appears to
reduce when air is used instead of O2 [4]. Accordingly, the model
contains only one detonation wave. At a fixed point on the annu-
lus for one rotation of the wave at speed VCJ, the refueling time is
τF = Van/hm and the time when the combustor pressure is higher
than that of the inlet is τD .
A one-dimensional model for the property distributions as a
function of distance behind the detonation wave in a tube is de-
scribed in Ref. [8]. The rarefaction wave that follows the detonation
front is self-similar. Models for the detonation-blast system with
side relief have also been developed [35,36] but not specifically
applied to a RDE. A notable result obtained from Ref. [36] is that
the pressure reduction behind a detonation wave front of height
hm is a function of the dimensionless variable ξ = r/hm . This re-
sult was obtained by a method-of-characteristics solution whereby
the pressure behind the detonation front lowers with an expan-
sion wave forming as the combustion products are expanding. The
degree of expansion is controlled by a slip line between the com-
bustion products of consecutive detonation wave fronts. The slip
line angle is calculated using the Prandtl–Meyer function [1]. The
angle of the oblique shock is then determined using the slip line
angle as the deflection angle with a Mach number calculated from
the detonation wave speed and the stage 4 gas speed of sound.
An iterative solution is required to match pressures at the slip line
and determine the Mach numbers. However, these angles are not
required for the cycle analysis as it was then found by Sichel and
Fig. 3. Example property distributions within the RDE annulus using an H2–air mix-
ture.
Foster that p(r)/pCJ and ξ have an identical relationship for a va-
riety of fuel–air mixtures. The tabulated values of p(r)/pCJ and ξ
were implemented into the current combustor model.
For an isentropic expansion with a constant specific heat ap-
proximation, the temperature distribution around the annulus is
calculated using:
T (r) = TCJ
(
p(r)
pCJ
)(γCJ−1)/(γCJ)
(8)
Next, determining the location where the rarefaction wave pres-
sure matches the injection pressure p3 is critical for the RDE
model. The rarefaction wave pressure will continue to reduce be-
hind the detonation wave until the pressure drops to p3. The
analysis program is designed to locate this point, which is then
used to update the initial estimate for the blockage value B . The
pressure then remains at p3 during filling. Fig. 3 shows a few cy-
cles with the p(r) and T (r) distributions. Note that this case is
an arbitrary example and time can appear on the abscissa of the
graph since dr = VCJ dt . The behavior of the detonation wave front
has been observed and modeled by Nakayama et al. for a range of
curved channel radial widths [25]. So long as the propagating det-
onation wave is stable, its velocity does not change significantly
across the radial width of the curved channel such that the flow
field would resemble Couette flow. Although the velocity indeed
reduces slightly along the inner wall, it was assumed that the ve-
locity is constant in this model.
2.4. Annulus exit conditions
According to Bykovskii et al., the optimum length of the annu-
lus should be about 4hm [4]. The attached oblique shock in the
combustor attenuates at the end of the annulus as seen in com-
putational results [15,34,41]. For modeling purposes, it is then suf-
ficient to assume that the pressure and temperature distributions
can be averaged at the end of the annulus before being exhausted
through a nozzle. More specifically, p4 is the mean value of the
pressure distribution around the annulus while T4 is calculated us-
ing Eq. (9) which uses an average cp for the expansion. The process
is isentropic, and an iterative solution is used where cp,4 is deter-
mined using a convergence criterion of sCJ = s4.
T4 = TCJ
(
p4
PCJ
)(2RCJ/(cp,CJ+cp,4))
(9)
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The exit flow velocity is primarily axial although a radial com-
ponent indeed exists [15]. Assuming that total enthalpy is con-
served from the detonation wave front to the exit leads to unrealis-
tically high exit velocity and performance predictions. The constant
channel radial width, rocket-mode RDE model by Bykovskii et al.
is considered thermally choked at the exit with a Mach number
of 1.0 [4]. Fixing the exit Mach number to 1.0 has resulted in a
useful model for performance predictions. However, the compu-
tational RDE combustors detailed in recent research have an exit
Mach number above 1.0 [15,34,41], so fixing the exit Mach number
at 1.0 underestimates performance. The model used to calculate
the exit velocity in the current work is based on the study by
Nordeen et al. where the work required to turn the flow in the
combustor must be accounted for with a total enthalpy loss using
the Euler pump equation and rothalpy [28]. The analysis approach
by Nordeen et al. can be written in several forms, and it has been
verified with computational RDE results.
cp,CJTCJ + Van
2
2
− Van · VCJ = cp,4Tt,4 − V4,x · V4,z (10)
In Eq. (10), Tt,4 is solved for using the detonation wave prop-
erties and a value of V4 that is found from the conservation of
mass relationship for the flow entering the detonation wave front
area (2hm) which must be equivalent to the flow exiting the con-
stant area combustor. Note that V4 is also split into axial and radial
components required for the flow turning work analysis. For the
current work, V4,z is estimated using Eq. (11) from Ref. [8] which
is a one-dimensional velocity distribution based on distance be-
hind the detonation front. Alternatively, a value for V4,z could be
assigned as a percentage of V4. Both V4,z calculation approaches
result in minimal changes to overall performance.
V4,z(r) = VCJ − 2
γCJ + 1
[
r
C/VCJ − t(r)
]
(11)
Using this analysis, the exit Mach number for the annulus is
1.0–1.3 for the parametric studies covered in the upcoming results.
Once the stage 4 properties are determined, the estimate for 2 is
iterated. The requirement for convergence of the isolator channel
radial width is that the pressure p2 must be equal to the averaged
annulus pressure p4.
2.5. Nozzle and performance parameters
Nozzle equations with process efficiencies again based on static
enthalpy are used for the expansion process through what will
likely be an annular aerospike nozzle. At stage 2y, p10y = p0
and T10y can be determined since the process is isentropic and
S10y = S4. The adiabatic process efficiency is ηe = (h4 − h10)/
(h4 −h4y). At stage 10, p10 = p0 and an iterative solution that con-
verges on a value for cp,10 can be used to find T10.
T10 = cp,4T4
cp,10
[
1− ηe
(
1− cp,10yT10y
cp,4T4
)]
(12)
The stage 10 static temperature and pressure are then input
into the real gas model to find the other gas properties. Stagna-
tion properties can then be determined using analogs to Eqs. (4)
and (5) for an expansion.
A stream thrust analysis was used for the specific thrust per-
formance prediction where Sa = V (1+ RT /V 2) at each stage [14].
Note that specific impulse Isp is the specific thrust in Eq. (14) di-
vided by the product of f and the gravity constant.
A10
A0
=
(
Ψ
p0
p2
V0
V2
)(
A3
A1
)[
(1+ f ) T10
T4
p4
p10
V4
V10
]
(13)
F
m˙0
= (1+ f )Sa10 − Sa0 − R0T0
V0
(
A10
A0
− 1
)
(14)
Fig. 4. Summary of the RDE cycle analysis procedure.
Depending on the initial conditions, the computation time for
a test case in a MATLAB environment is on the order of a few
minutes or less with a single processor computer.
2.6. Summary
Fig. 4 provides a summary of the RDE cycle analysis procedure.
Using initial estimates of 2, hm , and B , the pressure distribution
around the annulus is calculated. The value of B is iterated until
it correctly matches with r/C where p(r) = p3. With an estimate
for hm , the speed of the detonation wave can be used to calcu-
late a required annulus entrance velocity to compare to Van . If the
two values are not equivalent, hm is either increased or decreased.
The height hm , inlet gas velocity, and detonation wave velocity are
related by Van = hm/τF = BC/VCJ. Finally, the condition where p4
must be equal to p2 is met by iterating 2 to change p3 prior to
detonation.
3. Performance results
3.1. CFD comparison
With a few minor modifications, the thrust and specific im-
pulse can be compared to the work of Yi et al. [41]. Yi et al.
reported specific impulse and thrust at a flight speed of Mach 1.5
and plenum chamber conditions of p0 = 7–15 atm and T0 = 500 K.
Sonic micronozzle injectors were used. An area ratio of the com-
bined nozzle throats and combustion annulus was specified as
0.4. The boundary conditions of this airbreathing RDE model were
changed to these stagnation conditions with M2 = 1.0 in the iso-
lator. The area ratio of the isolator channel 2 to the combustion
annulus channel 3 was fixed at 0.4. Fixing the area ratio means
that p2 > p4, which is physically realistic for a rocket-mode RDE.
Fig. 5 shows the results of the comparison. The specific impulse
and thrust were not expected to match exactly, but they are sim-
ilar over the stagnation pressure range used. More importantly,
the specific impulse shows a slight increase with stagnation pres-
sure while the thrust increases linearly for each model. Note that
specific thrust is reported in kN per the annulus channel radial
width 3.
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Fig. 5. Performance comparison with the computational model by Yi et al. at a Mach
1.5 flight speed [41].
3.2. Ideal H2–air engine
Fig. 6 maps the theoretical performance of the ideal, H2–air RDE
with a dynamic pressure q0 of 95 kN/m2. The H2–air mixture is
stoichiometric at all times in the study (φ = 1.0, f = 0.0293). As
would be expected, specific impulse and thrust increase with cycle
static temperature ratio. Specific impulse reaches about 3800 s at
a Mach 1.5 flight speed. A flight Mach number of 5 is reached be-
fore autoignition of the mixture occurs, which would prevent the
detonation wave from forming. Note that T0Ψ in Fig. 6(a) is above
the H2–air autoignition temperature of 750 K because it is calcu-
lated with T2 before the flow expands into the annulus where the
temperature lowers slightly to T3.
Not every case plotted in Fig. 6(a) is physically reasonable, so
the additional dashed lines appearing on the graph are boundaries.
First, Ψ is limited to keep the isolator flow supersonic, leading
to an increase in velocity and a decrease in static pressure as it
enters the annulus. Subsonic flow into the annulus first experi-
ences a large reduction in hm to the point where stability of the
rotating detonation wave cannot be guaranteed. An area expan-
sion with subsonic flow also results in a static pressure increase,
which works against the need to decrease p3 so p4 = p2. Zhdan
has shown an entrance velocity above Mach 3 generally leads to a
condition where the incoming flow speed becomes comparable to
the rotating wave structure, thereby causing it to destabilize [42].
Consequently, the light dashed line indicates an entrance velocity
of M3 = 3.0 to serve as an estimate where the RDE may become
unstable. These boundaries lead to a region of physically reason-
able design space where the RDE can operate in. As shown in
Fig. 6(b), the annulus-to-isolator area ratio plays a significant role
in the overall RDE performance. High area ratios negatively im-
pact performance because they indicate that p3 is lowering and
less overall thrust work is created. The maximum specific impulse
reached while the isolator flow reaches M2 = 1 gradually lowers
with Mach number. This gradual decrease has been predicted for
supersonic, airbreathing detonation-based engines [3].
The minimum height requirement for the incoming mixture is
met within the stability requirements of Bykovskii et al. [4] and
continues to increase with M0. The blockage factor B at Ψ = 1
ranges from 0.5–0.25 for flight speeds of Mach 1.5–5.0 and 0.5–0.6
for the maximum Ψ values over the same Mach number range.
Although p4/p0 is fairly low when M0 < 2, it increases rapidly
with Ψ . For instance, p4/p0 = 9.0 for M0 = 2.5 and Ψ = 1.85. The
Reynolds number of the flow exiting the combustor (stage 4) is
1–2 million/m for Mach 1.5 and 1.5–15 million/m for Mach 5.
Fig. 6. Performance versus cycle static temperature ratio for an ideal RDE with q0 =
95 kN/m2, T0 = 216.7 K, d = 0.453 m, H2–air, and no contact surface burning. Lines
of constant flight Mach number are plotted.
The airbreathing RDE can be compared with an airbreathing
PDE. For the same H2–air mixture, Wu et al. developed a PDE
model that predicted specific impulse to be 3680 seconds at a
flight speed of Mach 2.1 and an altitude of 9300 m [40]. Maximum
RDE performance at this flight condition with the current model
is 3600 s. Dissociation losses in airbreathing PDE combustors are
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Fig. 7. Performance comparison with ηc = ηe equal to 100%, 90%, and 80%.
about 10% higher than Brayton cycle engines [31]. Since both en-
gines utilize propagating detonation waves, the dissociation losses
in the RDE may be expected to be similar for comparable inlet
conditions. However, it should be noted that dissociation lowers
VCJ which, for an RDE, also lowers the required flow turning work.
Future comparisons of the PDE and RDE will require an analysis
approach such as optimization via entropy generation minimiza-
tion [6] that can consider factors like thrust density and parasitic
losses in addition to specific impulse.
3.3. Effect of component efficiency
Compression and nozzle adiabatic process efficiencies were
added to the model to assess their impact on performance. In
Fig. 7, ideal cases are plotted with those where ηc and ηe have
been set to either 90 or 80 percent. Although the efficiency val-
ues were added in the cases for Ψ = 1.0, there is no difference in
performance because no air is compressed and p0 = p4. As Ψ and
M0 increase, lowering the component efficiencies can significantly
decrease Isp . Parametric studies with dynamic pressure showed a
difference of only a few percent. All the parametric efficiency stud-
ies had minimal impacts on the values for A3/A2 and hm .
3.4. Ideal C3H8–air engine
To gain an understanding of how an airbreathing, hydrocarbon
RDE may perform, propane was used as fuel (φ = 1.0, f = 0.064)
for the plots in Fig. 8 under otherwise identical initial conditions
as the ideal hydrogen cases. Specific impulse can be expected to
drop for two reasons. First, the lower heating value of propane
is significantly less than hydrogen. Second, the CJ pressure ratio
for hydrocarbon–air mixtures is higher than that for hydrogen–
air mixtures. In order to match p4 to p2, the area ratio A3/A2
must increase more and lead to a greater reduction to static pres-
sure prior to detonation. For the propane-based RDE, the maxi-
mum specific impulse at the Mach 1.5 flight condition is 1500 s.
The flight speed still reaches to about Mach 5 with a corridor of
feasible solution space similar to what was seen with the use of
hydrogen.
4. Conclusions
The ideal airbreathing RDE model shows an Isp of 3800 s for hy-
drogen fuel and 1500 s for propane. Parametric performance stud-
ies show that performance gradually drops with the flight speed,
but a Mach number of 5.0 is achievable. Optimal performance is
Fig. 8. Performance versus cycle static temperature ratio for an ideal RDE with q0 =
95 kN/m2, T0 = 216.7 K, d = 1.575 m, C3H8–air, and no contact surface burning.
Lines of constant flight Mach number are plotted.
expected to occur at the highest value of Ψ that can be obtained
before the isolator flow becomes subsonic. Once the isolator flow is
subsonic, an area ratio increase no longer results in a static pres-
sure reduction so matching the average annulus pressure to the
inlet pressure cannot be achieved.
Beyond a thermodynamic cycle analysis, the airbreathing RDE
operability and potential to either be used by itself or as part of
a hybrid propulsion system must be considered. As modeled, the
engine is clearly sensitive to the area ratio of the isolation and
combustor channels. Due to the high operating frequency, the com-
bustor response will be rapid for a change in inlet conditions. This
may mean that holding p2 equivalent to p4 will be troublesome
if the engine controls itself by varying A3/A2 via a mechanical
system. However, as seen in the A3/A2 graphs, it is possible to
fix this area ratio and fly along a trajectory where Ψ increases.
Operating the RDE may be possible with changing the area ra-
tio or equilibrating pressures with mechanical controls or relief
valves, but control systems have not had much chance for develop-
ment since experimental tests have been of short duration. Since
the engine requires supersonic inlet flow as modeled, it is sub-
ject to a starting problem similar to a ramjet. With an annular
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combustor and fairly steady performance between Mach 1.5–5, the
engine may be useful for acceleration to Mach 5 before an aircraft
transitions to a scramjet engine. Since the RDE has promise for
high power density, it may not take up much space while not in
use.
Table 1 shows the minimum diameter for hydrocarbon–air RDEs
is greater than one meter, which, combined with a high mass
flow rate and a radial exit flow velocity component, could cre-
ate considerable angular momentum on a vehicle. Hishida et al.
have shown a density-averaged radial/axial velocity ratio of less
than 3% at the exit plane of their RDE simulation [15]. This
low percentage suggests the angular momentum may be manage-
able with small corrections to the vehicle control system. Multi-
channel combustors with contra-rotating waves may also be envi-
sioned.
Rocket-mode and airbreathing RDEs require much additional
development to show that operation can be initiated consistently
and sustained. However, short duration tests as well as CFD results
are promising and the results of this study show a stable airbreath-
ing engine is realizable over a range of combustor inlet conditions.
If long-duration operation is possible, then the performance char-
acteristics coupled with a potentially high power density may lead
to feasible design concepts for high-speed flight applications.
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